Aims: Many rivers across the globe are severely impacted by changed flooding regimes, resulting in drastic shifts in vegetation, but the processes driving the exchange of flood-sensitive and flood-tolerant species are understood less. We studied the role of long-term and recent flooding histories for riparian plant recruitment in response to various changes in flooding regime.
| INTRODUC TI ON
Plant communities are dynamic, subjected to continuous change due to species interactions, colonisation and extinction, aided by stochastic or predictable disturbances (Li & Pennings, 2016; Mahoney & Rood, 1998; Menge & Sutherland, 1987; Pennings & Callaway, 1992) .
The interface between water and land along rivers and streams (riparian ecosystem) is one of these very dynamic and frequently disturbed ecosystems, and due to its important ecosystem services (Naiman & Décamps, 1997) , understanding what shapes these species-rich plant communities has become critical. Such knowledge is also increasingly important since almost all river systems worldwide are threatened by flow management and climate change that can drastically alter the flow regime (Hirabayashi et al., 2013; Nilsson, Reidy, Dynesius, & Revenga, 2005; Winemiller et al., 2016) .
Extreme flooding events, but also years with extreme droughts are predicted to become more common (Hirabayashi et al., 2013) .
Because of the direct consequences of the flooding regime for dispersal, germination, establishment, and growing conditions, such changed flooding regimes can induce vegetation changes. However, we have limited insight in how processes such as germination and establishment lead to these changes (Beauchamp & Stromberg, 2007; Fraaije, ter Braak, Verduyn, Verhoeven, & Soons, 2015; Levine & Stromberg, 2001; Nilsson, Jansson, & Zinko, 1997; Ström, Jansson, Nilsson, Johansson, & Xiong, 2011) .
Species exhibit a range of traits to cope with flooding events (Bornette & Puijalon, 2011) , and interspecific differences create an elevational zonation in riparian zones. At low elevations, plant communities that are adapted to frequent flooding dominate while species that are less tolerant prevail at higher elevations (van Eck, van de Steeg, Blom, & de Kroon, 2004) . We know from greenhouse studies that flooding for a few days to a week is sufficient to kill mal-adapted species (Garssen, Baattrup-Pedersen, Voesenek, Verhoeven, & Soons, 2015; van Eck, Lenssen, van de Steeg, Blom, & de Kroon, 2006) . In the field, however, changes in vegetation community composition after changed flow regimes mostly occur slowly (Hasselquist et al., 2015; Sarneel et al., 2019; Ström et al., 2011; van Eck et al., 2004) , indicating that other processes may interact.
In order to replace the mal-adapted species, the better-adapted species will have to arrive, germinate and establish under the new conditions, and these processes take time. Separate studies have confirmed the link between flow regime and dispersal (Bourgeois, Gonzalez, Vanasse, Aubin, & Poulin, 2016; Fraaije et al., 2015; Soomers et al., 2011) and with habitat characteristics important for germination and establishment, such as soil moisture (Kotowski, Beauchard, Opdekamp, Meire, & van Diggelen, 2010; Luo et al., 2016; Sarneel, Janssen, Rip, Bender, & Bakker, 2014) or sedimentation (Levine & Stromberg, 2001) . Since germination and early establishment are hard to separate under field conditions, they are collectively referred to as recruitment in this study.
Next to the direct effects of changed flooding regimes, however, there are indications that historic factors may influence a range of processes, including recruitment (Fukami, 2015; Sarneel, Kardol, & Nilsson, 2016) . As a consequence, specific events or other past environmental conditions can have long-lasting effects on vegetation composition (Sarneel et al., 2019) . For example, the few available tree ring studies show that almost all trees established directly after flow stabilization events (Beauchamp & Stromberg, 2007; Braatne, Jamieson, Gill, & Rood, 2007; Greene & Knox, 2014) , and differences in timing of the flood pulse can drastically change patterns in seedling abundance between years (Dixon, 2003) .
These studies indicate that flooding history could affect seedling recruitment in several ways. First, in situations where longterm flooding regimes change (e.g., after regulation, restoration or through climate change), past conditions may still govern many of the processes after the regime change, via so-called legacy effects.
Next to that, a recent history of specific flooding events can have large consequences, e.g., through direct effects on plant mortality or the supply of seeds. Last, recent flooding history will determine if the post-flood period is long enough for seedlings to grow sufficiently large to survive the next flood. Flooding history can thus play a role via legacy effects of long-term flooding regimes and more recent flooding events, and by determining the so-called disturbance-free 'window of opportunity for germination' or 'recruitment window' (Balke, Herman, & Bouma, 2014; Mahoney & Rood, 1998; Rankin & Pickett, 1989) .
To study these roles of flooding history we set up a turf transplantation experiment, where we followed the recruitment of sowed seeds in turfs that were transplanted between flooding regimes and inventoried natural seedling distributions in riparian zones with contrasting histories of flooding events. We hypothesised that (a) if legacy effects of long-term flooding regimes are important, recruitment would be different in transplanted and non-transplanted control turfs. Depending on how long such legacy effects may persist, we would observe this difference not only in turfs transplanted one year ago, but also in turfs transplanted more than one decade ago. In our seedling survey of natural plots, we hypothesised (b) that there will be a difference in number of seedlings in plots with a different recent flooding history. Because longer disturbance-free periods may increase seedling survival (Mahoney & Rood, 1998), we hypothesized that (c) longer recruitment windows may correlate positively with number of natural seedlings.
Deepened insight in the role of long-term and recent flooding history may be especially important in boreal zones, where climate change effects are predicted to be larger than in other parts of the world, inducing drastic changes in timing and likely also in magnitude of the flood pulse due to the change in precipitation from snow to rain (Nilsson, Riis, Sarneel, & Svavarsdottir, 2018) .
| MATERIAL S AND ME THODS
We tested the effects of flooding history (a) after experimentally induced changes in flood regime in a 2-year soil transplantation experiment and (b) for natural seedling densities along the riparian zones of the Vindel River and its tributaries in a seedling survey. 
| Study area
The Vindel River (64°49′ N, 18°51′ E) has a mean annual discharge (Sarneel et al., 2019; Ström et al., 2011) .
The inventoried tributaries in the seedling survey were all restored from timber-floating structures in a basic or a more enhanced way. At the time of this study, the two different restoration types had no measurable effect on most ecological parameters, including plant cover, soil moisture and germination (Herberg & Sarneel, 2017; Nilsson et al., 2017) , and we therefore did not consider restoration type in our analysis.
| Transplantation experiment of long-term flooding history
In 2000 and 2014 we excavated soil turfs along the river bank in Strycksele, using eight replicated random blocks spread over a ca. To provide background habitat characteristics of the turfs we measured soil pH in May 2014, by shaking 5 g soil with 50 ml F I G U R E 1 Experimental setup: Schematic overview of (a) transplantation experiment and (b) seedling survey. Lighter colours indicate plots (a) transplanted from and (b) located at lower elevations. CH; control at high elevation, CL; control at low elevation, TH; transplantation to high elevation, TL; transplantation to low elevation, for turfs transplanted in 2000 (old) and 2014 (recent). Arrows indicate the direction of transplantation. Subplots for sowing are indicated with dashed squares in the old turfs, which are larger as the remaining area is used for long-term vegetation surveys (Sarneel et al., 2019; Ström et al., 2011) . Transect length in b was 100 m. Due to the variable width of the riparian zone, the vertical distribution of the plots was determined as the percentage of the riparian width demineralized water for 4 hr. In August 2014 we took another soil sample and determined C and N contents (% of dry weight) with a FLASH 2000 Organic Elemental Analyser (Interscience, Breda, The Netherlands). Turf elevation was measured using a total station (Trimble S8 DR-Plus; Trimble, Sunnyvale, CA, USA). Total vegetation cover was estimated visually, rounding to the nearest 10%. Flood duration for high and low turfs was calculated using discharge data obtained from SMHI (vattenwebb.smhi.se). 
| Seedling survey and recent flooding history

| Calculations and statistics
In the turf transplantation experiment, effect of treatment (four levels; CH, CL, TH, TL) and turf age (recent vs. old) on seedling numbers in 2014 and 2015 were analysed using a generalized linear mixed model (GLMM) with a Poisson distribution and random effect of treatment block. We analysed total seedling numbers since the selected species were common species and seedling counts per species were too low to give meaningful results. For the relative change in seedling abundance (supplementary material S1) and seedling biomass, we used linear mixed models (LMM) with a Gaussian distribution. Comparisons between the model with and without the parameter of interest were used to determine the significance of the fixed-factors treatment and experimental duration (Crawley, 2007) .
Interactions with a p-value < 0.05 were evaluated with a Tukey post-hoc test using the lsmeans package in R (Lenth, 2016) . 
| RE SULTS
| Environmental conditions in the transplantation experiment
In August 2014, turfs at high elevation had drier, slightly more acidic soils than those at low elevation (Table 2 ), but this difference in pH was not significant. Total soil carbon and nitrogen concentrations did not differ between elevations in August 2014 (Table 2 ). In 2014, turf vegetation cover was close to 100% for all old turfs and the recent turfs at high elevation (CH and TH). At low elevation, the cover Differences between treatments were about the same in 2015, although absolute covers in the old turfs were somewhat lower than in 2014 (Table 2) .
| Recruitment in the transplantation experiment
All sown species germinated and we counted on average 16.1 (± 2.15 In 2014, we observed more seedlings at low elevation in both recent and old turfs (Figure 2a ). In addition, there was a trend towards more seedlings in recent turfs, except that in the controls at high elevation (CH), only few seedlings were found in both recent and old turfs. Conversely, in 2015, more seedlings were found at high elevation than at low elevation, and strikingly different seedling numbers were found in transplanted turfs that had different flooding histories compared to the control (Figure 2b ). That is, we found enhanced recruitment in the TH treatment (decreased flooding) compared to the controls (CL and CH), while in the TL treatment (increased flooding), less seedlings were found compared to both controls (CL and CH). In old turfs, installed in 2000, absolute seedling numbers were low and differences between treatments small. Patterns in old turfs merely reflected the overall difference between high and low elevations that we also observed in the recent turfs in both 2014 and 2015. In line with the big changes in seedling numbers at high and low elevations, relative seedling abundance increased at high elevation compared to low elevation, especially in recent turfs (Figure 2c ).
Even though the mean seedling number decreased over the study period in recent turfs with CH treatment, the relative seedling abundance increased, which was due to it being expressed as a ratio. Average biomass per seedling was not significantly affected by transplantation treatment nor by turf age (Figure 2d) . Patterns of the individual species reflected the general pattern rather well, especially in 2015 (Appendix S1).
| Environmental conditions in the seedling survey
Large differences in magnitude and flooding frequency were observed between the sampled reaches and years, with a somewhat larger peak flood in 2012 compared to the other years ( Figure 3 ). More than half of Treatment accounts for the different turf transplantation treatments (control at high elevation, control at low elevation and transplanted to high or low elevation) representing differing flooding histories. Turf age accounts for the differences between recent and old turfs.
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the plots were flooded at least once in two consecutive years before sampling in 2013 (56%) and 2014 (67%) (Appendix S2). Other environmental conditions are described in Nilsson et al. (2017 
| Recruitment in the seedling survey
In 2013 
| D ISCUSS I ON
In our turf transplantation experiment, legacy effects of transplantation were not observed until the second year, or more importantly, after the first spring flood. At that time, we found large differences between transplanted and control turfs. In the 2013 seedling survey, 
| Legacy effects of long-term and recent flooding history
We observed opposite effects of long-term flooding histories between turfs transplanted to low and high elevations. This difference may depend on the death of less-adapted species and colonisation by better-adapted species (Sarneel et al., 2019) . When mortality exceeds colonisation, bare ground may become available. As a matter of fact, we observed a dieback of vegetation after transplantation, while the dieback in the rotated control plots was negligible. Vegetation dieback was largest in the turfs that were moved to low elevation, where the vegetation was adapted to previous low-flooding frequencies. At high elevation, dieback may have decreased competition for light, which may have enhanced recruitment (Kotowski et al., 2010; Lenssen, Menting, & Van der Putten, 2003) . At low elevation, in contrast, tolerance is thought to be a more important structuring force than competition. Therefore, vegetation dieback at low elevation may have reduced the sheltering effect that high stem densities provide against erosion and other mechanic stress during flooding, causing seedling mortality (Balke et al., 2014) . Ström et al. (2011) , who started the turf transplantation experiment, observed that the transplanted turfs reached a standing biomass similar to their receiving elevation within five years after transplantation. We therefore hypothesised that if the observed legacy effects of transplantation are mediated by vegetation density, they may persist during a similar or shorter period. Therefore, after restoration, the arrival of seeds of desired species within a relatively short timeframe may be critical, especially in the higher parts of the floodplain where recruitment is temporarily enhanced after transplantation (Kotowski et al., 2010; Sarneel et al., 2016) . In addition, legacies could exist in the composition and viability of the seed bank, which may differ at different locations along a riparian gradient (Bourgeois et al., 2017; Goodson et al., 2001; Grandin & Rydin, 1998) . It remains to be seen, however, if such legacy effects on recruitment are sufficiently strong to drive vegetation composition (Sarneel et al., 2019) , or if most species do not manage to arrive in time or establish within this window of opportunity (Balke et al., 2014; Hasselquist et al., 2015; Sarneel et al., 2014) .
Although the setup of our field seedling survey was not ideal to test the occurrence of legacy effects directly, we found similar pat- 
| Importance of past flooding events
Especially long-term and frequent floods can provide major constraints on plant growth (e.g., anoxia, low light availability and physical stress of the water flow and sediment deposition; Bornette & Puijalon, 2011) . However, next to that, flooding events also provide moisture and seeds, which may increase recruitment. In contrast, absence of flooding may provide long recruitment periods that allow seedlings to grow large enough to survive future flooding events and thereby increase seedling numbers (Fraaije et al., 2015; Mahoney & Rood, 1998; Sarneel et al., 2014) . These opposite effects of flooding occur at different time spans, and can explain why we found the drastic change in seedling densities in the transplantation experiment. There, seedling densities were first correlated with soil moisture and later with survival to flooding. Since the spring flood in 2015 was rather average, these observations also indicate that one growing season is unlikely to provide a disturbancefree recruitment window that is long enough for plants to reach a flood-resistant size.
In the seedling survey, we did not find support for our hypothesis that longer recruitment windows would result in higher seedling densities. Rather than finding an increase in seedling number with longer disturbance-free time periods in which recruitment can take place, we found a strong negative effect of winter floods (at moderately long recruitment windows). Higher seedling numbers were found in plots that were flooded during spring or not flooded during the test period. Since one growing season may likely be too short for seedlings to establish successfully, we assume that the majority of the seedlings that were found in plots with a recruitment window of 30-100 days will not establish but die during the next flood (Dixon, 2003; Fraaije et al., 2015) . This factor may have obscured the relationship between seedling recruitment and the duration of the recruitment window.
The low number of seedlings in plots flooded during winter can be the consequence of not having the high seed input and soil moisture that short recruitment windows have, nor the high probability of recruitment that may drive high seedling numbers in plots with long recruitment windows. Rather than the best of two worlds, seedlings may encounter the worst of two worlds. In addition, winter flooding may be extremely detrimental in boreal zones as it often involves severe mechanical disturbance by ice, freezing and hyper-cooling (Lind, Nilsson, Polvi, & Weber, 2014; Rood, Goater, Mahoney, Pearce, & Smith, 2007; Smith & Pearce, 2000) . In temperate zones, therefore, winter flooding may be less detrimental for plant growth and survival (Beumer et al., 2008; van Eck et al., 2006) , and more studies in other climatic regions will increase our understanding further.
| CON CLUDING REMARK S
Both the long-term and the short-term flooding histories can affect plant recruitment, with consequences for restoration activities involving flood management. When restoration activities include introduction of seeds and other propagules to favour desired species, our results imply that these will be more successful in cases of decreased, compared to increased flooding regimes (van Leeuwen et al., 2014) , and that there is likely only a short period in which the invasibility or colonisation is relatively high, at least for the type of species that we tested. Due to the low germination of Carex, the species represented the vegetation from intermediate to high
elevations. However, given the strong negative impact of flooding across species in our system, we speculate that the study results thus point towards a low importance of species identity during the establishment phase in our systems, thus opposing findings in temperate streams (Fraaije et al., 2015; Sarneel et al., 2014) .
At high elevation, where flooding frequencies were low, on average 4 and 1.87 new species appeared in transplanted and control turfs, respectively (data from Ström et al., 2011) . Curiously, these numbers match the doubling of the seedling numbers when comparing transplanted and control turfs. Although seed input and diversity are often found to correlate positively in dispersal studies, studies on longer temporal and larger spatial scales are needed to further advance our understanding of the importance of recruitment for diversity (Andersson, Nilsson, & Johansson, 2000; Lenssen, Menting, van der Putten, & Blom, 1999) . In our study system, however, it is likely that the low recruitment at low elevation is in line with the dominance of long-lived, clonal spreaders that likely makes them less dependent on recruitment from seeds and allows them to persist in habitats with frequent disturbance and a small window of opportunity for recruitment.
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